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+ Phenomenology → Theory?



MB Terminology
Min-Bias, Zero Bias, etc.

= Experimental trigger conditions

“Theory for Min-Bias”?
Really = Model for ALL INELASTIC

But … how can we do that?
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… in minimum-bias, we typically do not have a hard scale, wherefore all observables 
depend significantly on IR physics … PS, “the Perugia tunes”, arXiv:1005.3457

A) Start from perturbative model (dijets) and extend to IR

B) Start from soft model (Pomerons) and extend to UV
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MPI
Multiple Perturbative Parton-Parton Interactions
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→ Resum dijets?
Yes → MPI!



σparton-parton > σproton-proton
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What does σproton-proton count?
Inclusive number of PROTON-PROTON interactions

What does σparton-parton count?

Inclusive number of PARTON-PARTON interactions 

6

(neglecting pdf 
dependence 

and αs running)

1 pp collision →
counts once in σpp

2 parton-parton 
collisions → Counts 
twice in σparton-parton



Naively

Interactions independent (naive factorization) → Poisson

How many?
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σint(p⊥min) =
∫ ∫ ∫

p⊥min

dx1 dx2 dp2
⊥ f1(x1, p2

⊥) f2(x2, p2
⊥)

dσ̂

dp2
⊥

Half a solution to σint(p⊥min) > σtot: many interactions per event

σtot =
∞
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n σn

σint > σtot ⇐⇒ 〈n〉 > 1

n

Pn

〈n〉 = 2
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If interactions occur independently
then Poissonian statistics

Pn =
〈n〉n

n!
e−〈n〉

but energy–momentum conservation
⇒ large n suppressed
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Real Life
Momentum (x) cons 
suppresses high-n tail
+ physical correlations → 
not simple product

(example)

〈n2→2(p⊥min)〉 =
σ2→2(p⊥min)

σtot

parton-parton

proton-proton



Often used for simplicity 
(i.e., assuming corrections are small / suppressed)

Naive Factorization: σeff
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The double parton scattering (DP) process [1], in which
two parton-parton hard scatterings take place within one
pp collision, can provide information on both the dis-
tribution of partons within the proton and on possible
parton-parton correlations, topics difficult to address
within the framework of perturbative QCD. The cross
section for DP comprised of scatterings A and B is written

sDP �
sAsB

seff
, (1)

with a process-independent parameter seff [2–5]. This
expression assumes that the number of parton-parton
interactions per collision is distributed according to
Poisson statistics [6], and that the two scatterings are dis-
tinguishable [7]. Previous DP measurements have come
from the AFS [3], UA2 [4], and CDF [5] experiments.
The best value for seff, 12.1110.7

25.4 mb, was obtained from
the CDF analysis of four jet events. Based on a simple
model of proton structure and the measured inelastic pp
cross section at

p
s � 1.8 TeV, the expected value is

seff � 11 mb [5].
This Letter reports a new measurement of DP from

the Collider Detector at Fermilab (CDF). This extensive
analysis is summarized here and is documented fully in
Ref. [8]. The final state studied is photon 1 3 jets, where
“photon” signifies either a single direct photon, or neutral
mesons from jet fragmentation. In this final state, the DP
process is comprised of a photon-jet scattering and a di-
jet scattering. This leads to two observable configurations
yielding a photon 1 3 jets: a photon 1 1 jet system over-
laid with both jets from the dijet, or a photon 1 2 jets sys-
tem (one jet from gluon bremsstrahlung) plus one observed
jet from the dijet. The single parton-parton scattering (SP)
background is photon-jet production with bremsstrahlung
radiation of two gluons. Compared to the previous CDF
analysis, the photon 1 3 jet data set has two advantages:
(1) the jets are accepted down to low energies where the
cross section for the dijet scattering in DP is large; and
(2) the better energy measurement of photons at CDF
(relative to jets) aids in distinguishing DP from SP. In con-
sequence, the present analysis benefits from a substantial
DP event sample and an order of magnitude improvement
in the ratio of DP to SP events over the earlier CDF study.
These improvements have permitted an investigation of the
kinematic dependence of seff and a search for correlations
between the two scatterings.
In addition to these improvements, a new technique

for extracting seff has been developed. Previously, seff
has been derived from measured DP cross sections,
using QCD calculations of the two cross sections in
Eq. (1) which suffer from sizable uncertainties [9,10].
In the present analysis, seff is extracted independently
of theoretical calculations, through a comparison of the
number of observed DP events �NDP � to the number
of events with hard scatterings at two separate pp
collisions within the same beam crossing, referred to as

double interactions or DI �NDI�. Because this method
does not rely on theoretical calculations, it represents a
substantial advance over previous analyses. With these
measurements we can write

seff �
µ

NDI

NDP

∂ µ
ADP

ADI

∂
�Rc� �sNSD� , (2)

where ADP and ADI are acceptances for DP and DI events
to pass kinematic selection requirements, and sNSD is the
cross section for non-single-diffractive (NSD) inelastic
pp interactions. Experimentally, DP and DI events will
be taken from data sets with one or two observed pp
collisions per event, respectively. The factor Rc is the
ratio of acceptances for requiring one or two collisions per
event, and is calculable in terms of the number of NSD
collisions per beam crossing and collision identification
efficiencies. We describe below the measurements of DP
and DI production in the photon 1 3 jet data, and the
evaluation of the other parameters of Eq. (2).
The CDF detector is described in detail elsewhere [11].

Instantaneous luminosity measurements are made with
a pair of up- and downstream scintillator hodoscopes
(BBC). Photons are detected in the Central Calorimeter
(pseudorapidity interval jhj , 1.1). The Plug and
Forward Calorimeters extend coverage for jet identifica-
tion to jhj , 4.2. Charged particles are reconstructed
in the Central Tracking Chamber (CTC). The location of
the collision vertex (or vertices) along the beam line is
established with a set of time projection chambers (VTX).
The z axis is along the beam line.
In the 1992–1993 Collider Run, CDF accumulated

16 pb21 of data with an inclusive photon trigger [12]
which demanded a predominantly electromagnetic trans-
verse energy deposition �ET � E sin�u�� in the Central
Calorimeter above 16 GeV. No jets were required in the
trigger. Off-line, jet reconstruction [13] was performed
on these events using a cone of radius 0.7 in �h, f� to
define jet ET . Events with three and only three jets with
ET . 5 GeV (uncorrected for detector effects) were ac-
cepted. A further requirement of ET , 7 GeV was made
on the two lowest ET jets, which enhances DP over SP.
Events with a single collision vertex found in the VTX
(“1VTX”) were taken as DP candidates, while two-vertex
events (“2VTX”) formed the DI candidate sample. A to-
tal of 16 853 and 5983 events pass the two selections. A
second trigger sample of interest is the minimum bias data
set, collected by requiring coincident signals in the BBC.
Models for the two processes that we must identify, DP

and DI, were obtained by combining pairs of CDF events.
CDF inclusive photon events were mixed with minimum
bias events, with both sets of events required to have
$1 jet. The resulting mixed events were required to pass
the photon 1 3 jet event selection. The two models,
MIXDP and MIXDI, differ only in the size of the “un-
derlying event” energy contribution to the jets and pho-
ton, which arises from soft interactions among spectator
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model-independent 
physical observables

Interactions independent (naive factorization) → Poisson



From partons to hadrons
Initial State: Multi-Parton Distributions 

Beyond naive factorization: correlations in flavor, impact parameter, and momentum 
(+ color?) → make ansätze (different in different MC programs)

⇒ Still, can model/predict Multiple perturbative 
(higher-twist) interaction rates using (mostly) pQCD
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    Still a long way to the IR [Recall MB ≈ All soft] 
Soft Interactions ≈ (Dressed) partonic (?) scattering down to zero pT? 

Coherent soft interactions: diffraction and gaps  
Confinement & Hadronization: corrections to leading-NC ?
Additional non-perturbative phenomena? Color reconnections, string 
interactions, Bose-Einstein, hydro flow, … ?

= what we had at LEP + a bunch more … 
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How are the initiators and remnant partons correllated? 
•  in impact parameter? 
•  in flavour? 
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•  in colour (! string topologies!) 
•  What does the beam remnant look like? 
•  (How) are the showers correlated / intertwined? 
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Colour and the UE

12

! The colour flow determines the hadronizing string topology 
•  Each MPI, even when soft, is a color spark 

•  Final distributions crucially depend on color space 

Note: this just color connections, then there may be color reconnections too 

Que
sti

ons

Different models make different ansätze

Each MPI exchanges color between the beams
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Sum(pT) densities, event shapes, mini-jet rates, energy 
flow correlations… ≈ sensitive to pQCD + pMPI
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flow correlations… ≈ sensitive to pQCD + pMPI

2. How many tracks is it divided onto?

Ntracks, dNtracks/dpT,
 Associated track densities, track 

correlations… ≈ sensitive to hadronization + soft MPI

3. What kind of tracks?

Strangeness per track, baryons per track, beam baryon 
asymmetry, … s-baryons per s, multi-s states, s-sbar 
correlations, …. ≈ sensitive to details of hadronization

Taking an Organized View
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Sensitive

Note: only linearized Sphericity is IR safe



Radiation vs MPI
• What is producing the tracks? 

• Is it Radiation? (tends to produce 
partons close in phase space)

• Or is it MPI? (partons going out in 
opposite directions)

• Or is it soft production between 
the remnants?

• Probing long- vs short-distance 
correlations can tell us!

• E.g., forward-backward 
correlation, b
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Radiation vs MPI
• What is producing the tracks? 

• Is it Radiation? (tends to produce 
partons close in phase space)

• Or is it MPI? (partons going out in 
opposite directions)

• Or is it soft production between 
the remnants?

• Probing long- vs short-distance 
correlations can tell us!

• E.g., forward-backward 
correlation, b

Without MPI

With MPI

b Not 
measured 
at Tevatron

Sjostrand, van Zijl, PRD36:2019,1987.

Sjostrand, van Zijl, PRD36:2019,1987.

Different MPI 
models have 

different shapes

PS, fermilab-conf-07-706-t, in arXiv:0803.0678![hep-ph]

Thursday, January 21, 2010
Thursday, January 28, 2010

Example: Radiation vs MPI

Related to 2-particle correlations!
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Action Items
1. Need better models for diffraction

Tuning is fast - but modeling takes time
To test future models, will need to design diffractively enriched event samples now + 
physical discriminating observables + data preservation (HEPDATA/Rivet) 

19

Hard diffraction included in 
PYTHIA8

+ being included in 
HERWIG++ and SHERPA

+ more later?



Action Items
1. Need better models for diffraction

Tuning is fast - but modeling takes time
To test future models, will need to design diffractively enriched event samples now + 
physical discriminating observables + data preservation (HEPDATA/Rivet) 

2. Take an Organized View
Factorized: Order observables from IR safe to IR sensitive

Global View: Save us the this-model-fits-this-distribution crap. Models 
need to be simultaneously tested on several obs in several PS regions to 
understand where & why they break down.
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Action Items
1. Need better models for diffraction

Tuning is fast - but modeling takes time
To test future models, will need to design diffractively enriched event samples now + 
physical discriminating observables + data preservation (HEPDATA/Rivet) 

2. Take an Organized View
Factorized: Order observables from IR safe to IR sensitive

Global View: Save us the this-model-fits-this-distribution crap. Models 
need to be simultaneously tested on several obs in several PS regions to 
understand where & why they break down.

3. Need better understanding of E-scaling
E-scaling allows to consolidate measurements from different colliders 
(not the least LEP) → powerful cross check on physics model

While waiting for better model of diffraction, isolate and continue testing non-
diffractive tail of MB + Systematically compare to LEP (jet fragmentation) & UE

19

Hard diffraction included in 
PYTHIA8

+ being included in 
HERWIG++ and SHERPA

+ more later?



Energy Scaling
Can we be more general than this-
tune-does-this, that-tune-does-that?

Yes 

The new automated tuning tools allow us to get an  
Unbiased optimization at each collider separately 

Critical for this task:

“Comparable” data set at each different collider energy

20

Example on next pages using PYTHIA 6, but applies to any model



Scaling according to Holger

MCnet/LPCC Summer Student 

Used CDF, UA5, and ATLAS data

P(Nch), dNch/dpT, <pT>(Nch)

+ can even focus on Nch≥6 sample separately!

From 630 GeV to 7 TeV (we would have liked to add STAR at 200 GeV, 
but we did not have a complete obs set from them)

21
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(+co-author of Professor)



Scaling according to Holger

MCnet/LPCC Summer Student 

Used CDF, UA5, and ATLAS data

P(Nch), dNch/dpT, <pT>(Nch)

+ can even focus on Nch≥6 sample separately!

From 630 GeV to 7 TeV (we would have liked to add STAR at 200 GeV, 
but we did not have a complete obs set from them)

Reduce model to 3 main parameters:

1. Infrared Regularization Scale

2. Proton Transverse Mass Distributions

3. Strength of Color Reconnections

21

(Schulz)

(+co-author of Professor)

Starting point = Perugia 0

PARP(82)

PARP(83)

PARP(78)

pTmin

μ

CR



Infrared Regularization
Independent tunings compared to Perugia 0

No large deviation from the assumed functional form      
(E.g., Tunes A, DW, Perugia-0 use ExpPARP(90) = 0.25)
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Figure 1: Evolution of parameters with energy. .
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Figure 1: Evolution of parameters with energy. .
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“Energy Scaling of MB Tunes”, H. Schulz + PS, in preparation

cf., also, e.g., 
CMS, studies by 

R. Field

Sjöstrand & van Zijl, PRD36(1987)2019
&



Mass Distribution
Independent tunings compared to Perugia 0

Hint of departure from Gaussian (PARP(83)=2.0) at lower Ecm? 
Consistent with higher average x at lower energies → more lumpy?
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Perugia-0:
too lumpy
at high E?

“Energy Scaling of MB Tunes”, H. Schulz + PS, in preparation



Mass Distribution
Independent tunings compared to Perugia 0

Hint of departure from Gaussian (PARP(83)=2.0) at lower Ecm? 
Consistent with higher average x at lower energies → more lumpy?

23

7 TeV

1800 & 
1960 GeV

900 GeV

630 GeV

PARP(78)

10 3
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Evolution of PARP(78) with
√
s

√
s / GeV

P
A
R
P
(7
8
)

(a) PARP(78) vs
√

s, Nch ≥ 1

PARP(78)

10 3
0

0.1

0.2

0.3

0.4

0.5

Evolution of PARP(78) with
√
s

√
s / GeV

P
A
R
P
(7
8
)

(b) PARP(78) vs
√

s, Nch ≥ 6

PARP(82)
Exp=0.25

10 3
0

0.5

1

1.5

2

2.5

3
Evolution of PARP(82) with

√
s

√
s / GeV

PA
R
P
(8
2)

(c) PARP(82) vs
√

s, Nch ≥ 1

PARP(82)
Exp=0.25

10 3
0

0.5

1

1.5

2

2.5

3
Evolution of PARP(82) with

√
s

√
s / GeV

PA
R
P
(8
2)

(d) PARP(82) vs
√

s, Nch ≥ 6

PARP(83)

10 3
0

0.5

1

1.5

2

Evolution of PARP(83) with
√
s

√
s / GeV

P
A
R
P
(8
3
)

(e) PARP(83) vs
√

s, Nch ≥ 1

PARP(83)

10 3
0

0.5

1

1.5

2

Evolution of PARP(83) with
√
s

√
s / GeV

P
A
R
P
(8
3
)

(f) PARP(83) vs
√

s, Nch ≥ 6

Figure 1: Evolution of parameters with energy. .

10

Perugia-0:
too lumpy
at high E?

“Energy Scaling of MB Tunes”, H. Schulz + PS, in preparation

Interesting to get more independent handles on b distribution



Color Reconnections
Independent tunings compared to Perugia 0

CR are the most poorly understood part of these models

Assumption of constant strength not supported by data!
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7 TeV
Perugia-0:

too much CR 
at high E?

“Energy Scaling of MB Tunes”, H. Schulz + PS, in preparation



Color Reconnections
Independent tunings compared to Perugia 0

CR are the most poorly understood part of these models

Assumption of constant strength not supported by data!
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7 TeV
Perugia-0:

too much CR 
at high E?

“Energy Scaling of MB Tunes”, H. Schulz + PS, in preparation

Underscores the need for better physical understanding
What is the real physics that drives the need for CR?



Summary
A new way of using tuning tools
→ Check of consistency and universality of the model

Not just the best tune 

Power + Flexibility of automated tools allow 
independent optimizations in complementary phase space regions

+ get a data-driven idea of any non-universalities as a bonus → better uncertainties

25

We used different beam energies as our complementary regions 
(→ tests of energy scaling assumptions)

Other complementary sets could be used to test other aspects

Crucial: Need complete and comparable data sets in each region!

More to learn about the physics behind Color Reconnections … 
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Baryon Transport
LESS than 
Perugia-SOFT

(at least for 
protons, in central 
region)

But MORE 
than Perugia-0

(at least for 
Lambdas, in 
forward region)

27
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TABLE I. Systematic uncertainties of the p/p ratio.

Systematic Uncertainty
Material budget 0.5%
Absorption cross section 0.8%
Elastic cross section 0.8%
Analysis cuts 0.4%
Corrections (secondaries/feed-down) 0.6%
Total 1.4%

The main sources of systematic uncertainties are the209

detector material budget, the (anti)proton reaction cross210

section, the subtraction of secondary protons and the ac-211

curacy of the detector response simulations (see Table I).212

The amount of material in the central part of ALICE213

is very low, corresponding to about 10% of a radiation214

length on average between the vertex and the active vol-215

ume of the TPC. It has been studied with collision data216

and adjusted in the simulation based on the analysis of217

photon conversions. The current simulation reproduces218

the amount and spatial distribution of reconstructed con-219

version points in great detail, with a relative accuracy of220

a few percent. Based on these studies, we assign a sys-221

tematic uncertainty of 7% to the material budget. By222

changing the material in the simulation by this amount,223

we find a variation of the final ratio R of less than 0.5%.224

The experimentally measured p–A reaction cross sec-225

tions are determined with a typical accuracy better than226

5% [17]. We assign a 10% uncertainty to the absorption227

correction as calculated with FLUKA, which leads to a228

0.8% uncertainty in the ratio R. By comparing GEANT3229

with FLUKA and with the experimentally measured elas-230

tic cross-sections, the corresponding uncertainty was es-231

timated to be 0.8%, which corresponds to the difference232

between the correction factors calculated with the two233

models.234

By changing the event selection, analysis cuts and235

track quality requirements within reasonable ranges, we236

find a maximum deviation of the results of 0.4%, which237

we assign as systematic uncertainty to the accuracy of238

the detector simulation and analysis corrections.239

The uncertainty resulting from the subtraction of sec-240

ondary protons and from the feed-down corrections was241

estimated to be 0.6% by using different functional forms242

for the background subtraction and for the contribution243

of the hyperon decay products.244

The contribution of diffractive reactions to our final245

event sample was studied with different event generators246

and was found to be less than 3%, resulting into a negligi-247

ble contribution (< 0.1%) to the systematic uncertainty.248

Finally, the complete analysis was repeated using only249

TPC information (i.e., without using any of the ITS de-250

tectors). The resulting difference was negligible at both251

energies (< 0.1%).252

Table I summarizes the contribution to the system-253

atic uncertainty from all the different sources. The total254
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FIG. 3. (Color online) The pt dependence of the p/p ratio in-
tegrated over |y| < 0.5 for pp collisions at

√
s = 0.9 TeV (top)

and
√
s = 7 TeV (bottom). Only statistical errors are shown

for the data; the width of the Monte Carlo bands indicates
the statistical uncertainty of the simulation results.

systematic uncertainty is identical for both energies and255

amounts to 1.4%.256

The final, feed-down corrected p/p ratio R inte-257

grated within our rapidity and pt acceptance rises from258

R|y|<0.5 = 0.957 ± 0.006(stat.) ± 0.014(syst.) at
√
s =259

0.9 TeV to R|y|<0.5 = 0.991± 0.005(stat.) ± 0.014(syst.)260

at
√
s = 7 TeV. The difference in the p/p ratio, 0.034±261

0.008(stat.), is significant because the systematic errors262

at both energies are fully correlated.263

Within statistical errors, the measured ratio R shows264

no dependence on transverse momentum (Fig. 3) or ra-265

pidity (data not shown). The ratio is also independent of266

momentum and rapidity for all generators in our accep-267

tance, with the exception of HIJING/B, which predicts268
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grated within our rapidity and pt acceptance rises from258

R|y|<0.5 = 0.957 ± 0.006(stat.) ± 0.014(syst.) at
√
s =259

0.9 TeV to R|y|<0.5 = 0.991± 0.005(stat.) ± 0.014(syst.)260

at
√
s = 7 TeV. The difference in the p/p ratio, 0.034±261

0.008(stat.), is significant because the systematic errors262

at both energies are fully correlated.263

Within statistical errors, the measured ratio R shows264

no dependence on transverse momentum (Fig. 3) or ra-265

pidity (data not shown). The ratio is also independent of266

momentum and rapidity for all generators in our accep-267

tance, with the exception of HIJING/B, which predicts268

cf. J. Fiete’s 
talk

cf. C. Blanks’ 
talk

ALICE

LHCb



PYTHIA Updates

with input from R. Corke, T. Sjöstrand



PYTHIA 6
The Perugia Tunes 

Intended to provide reasonable starting points for 
tuning efforts of the pT-ordered framework

Mark the last development effort from the authors 

Diffraction
Obsolete Model: no diffractive jet production

Status
No longer actively developed

29

PS, arXiv:1005.3457v2

→ PYTHIA 8: S. Navin, arXiv:1005.3894



Already significant improvements 
but there was one snag…
But Rivet+Professor (H. Hoeth) shows it fails miserably for UE
(Rick Field’s transverse flow as function of jet p⊥):

Where did we go wrong?

PYTHIA 8

30

cf., e.g., yesterday’s
ATLAS talk (L. Tompkins)



A problem with Final-Initial Dipoles 
(doublecounting), now addressed → 

PYTHIA 8

31



A problem with Final-Initial Dipoles 
(doublecounting), now addressed → 

PYTHIA 8

31

PYTHIA 8 now competitive with or better than PYTHIA 6 also for UE



(+ Diffraction)
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p+

“Intuitive picture”

Parton Distribution Functions

Hadrons are composite, with time-dependent structure:

u
d
g
u

p

fi(x, Q2) = number density of partons i
at momentum fraction x and probing scale Q2.

Linguistics (example):
F2(x, Q2) =

∑

i

e2i xfi(x, Q2)

structure function parton distributions

Hard ProbeCompare with
normal PDFs

Long-Distance

Short-Distance



(+ Diffraction)

33

Long-Distance

p+

“Intuitive picture”

Short-Distance

Parton Distribution Functions

Hadrons are composite, with time-dependent structure:

u
d
g
u

p

fi(x, Q2) = number density of partons i
at momentum fraction x and probing scale Q2.

Linguistics (example):
F2(x, Q2) =

∑

i

e2i xfi(x, Q2)

structure function parton distributions

Hard ProbeCompare with
normal PDFs
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